The recent discovery of ammonia-oxidizing archaea (AOA) dramatically changed our perception of the diversity and evolutionary history of microbes involved in nitrification. In this study, a moderately thermophilic (46°C) ammonia-oxidizing enrichment culture, which had been seeded with biomass from a hot spring, was screened for ammonia oxidizers. Although gene sequences for crenarchaeotal 16S rRNA and two subunits of the ammonia monooxygenase (amoA and amoB) were detected via PCR, no hints for known ammonia-oxidizing bacteria were obtained. Comparative sequence analyses of these gene fragments demonstrated the presence of a single operational taxonomic unit and thus enabled the assignment of the amoA and amoB sequences to the respective 16S rRNA phylotype, which belongs to the widely distributed group I.1b (soil group) of the Crenarchaeota. Catalyzed reporter deposition (CARD)-FISH combined with microautoradiography (MAR) demonstrated metabolic activity of this archaeon in the presence of ammonium. This finding was corroborated by the detection of amoA gene transcripts in the enrichment. CARD-FISH/ MAR showed that the moderately thermophilic AOA is highly active at 0.14 and 0.79 mM ammonium and is partially inhibited by a concentration of 3.08 mM. The enriched AOA, which is provisionally classified as ''Candidatus Nitrososphaera gargensis,'' is the first described thermophilic ammonia oxidizer and the first member of the crenarchaeotal group I.1b for which ammonium oxidation has been verified on a cellular level. Its preference for thermophilic conditions reinvigorates the debate on the thermophilic ancestry of AOA.
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ammonia oxidation ͉ archaea ͉ nitrification ͉ thermophile ͉ amoA N itrification, the successive microbial oxidation of ammonia via nitrite to nitrate, is a crucial step in the biogeochemical nitrogen cycle, and ammonia-oxidizing microorganisms catalyze the first, rate-limiting step of this process. Until recently, the microbiology of ammonia oxidation was thought to be well understood. Aerobic, chemolithoautotrophic bacteria within the Beta-and Gammaproteobacteria were the only known ammoniaoxidizing microorganisms (1, 2) . However, in the last few years, this understanding has been radically changed, first, by the discovery that ammonium can also be oxidized anaerobically by a clade of deep branching planctomycetes (3, 4) , and later by the equally surprising cultivation of ammonia-oxidizing archaea (AOA) belonging to the Crenarchaeota (5). Since then, AOA were found to outnumber ammonia-oxidizing bacteria (AOB) in several terrestrial and marine systems, including different soils (6) , the North Sea and Atlantic Ocean (7), the Pacific Ocean (8) , and the Black Sea (9) . Furthermore, molecular analyses demonstrated that AOA also occur in association with marine sponges (10) (11) (12) (13) , and amoA sequences related to recognized AOA were retrieved in numerous studies from a wide variety of other habitats (7) (8) (9) (14) (15) (16) (17) (18) , including two moderately thermophilic sites with a temperature below 50°C (19, 20) . The latter findings raise the question of whether ammonia oxidation takes place at elevated temperatures and in particular whether AOA thrive under these conditions. This scenario seems theoretically possible because ammonium was detected in concentrations between 2.5 M and 46.7 mM in thermophilic and hyperthermophilic environments (21, 22) and can be formed there biotically (23) or abiotically (24) (25) (26) . However, this question cannot be answered by mere gene fragment retrieval. Direct evidence for autotrophic ammonia oxidation in these systems via process measurements, in situ demonstration of metabolic activity of thermophilic AOA or AOB, or isolation of these organisms is still lacking.
Recently, ammonia-oxidizing enrichment cultures were established from microbial mats of the Siberian Garga hot spring, and the temperature optimum for ammonia oxidation of these consortia was estimated to be 50°C (27) . Here, one of these ammonia-oxidizing enrichment cultures, which had been maintained for 6 years at 46°C (termed Ga9.2a in the original publication), was screened for ammonia-oxidizing microorganisms with a set of molecular tools. We demonstrate the presence and metabolic activity of AOA in this moderately thermophilic enrichment and provide initial insights into their ecophysiology.
Results
The ammonia-oxidizing enrichment culture was grown aerobically (5.1-5.6 mg of O 2 liter Ϫ1 ; measured in five different replicate flasks at 46°C) and mediated the near stoichiometric conversion of ammonium to nitrite without any detectable nitrate production [supporting information (SI) Fig. 4 ].
Screening for Known Beta-and Gammaproteobacterial AOB and Nitrite Oxidizers. Initially, the bacterial diversity of the enrichment was monitored by PCR amplification of 16S rRNA gene sequences by using the general bacterial primers 616V and 630R. A total of 42 clones were screened by restriction fragment length polymorphism (RFLP) and assigned to five different patterns; 18 clones representing all RFLP types were sequenced and phylogenetically analyzed (SI Fig. 5 ). All clones formed a monophyletic group within the Betaproteobacteria, but no 16S rRNA gene sequences related to known AOB or nitrite oxidizers were found. Furthermore, no amplicon was obtained with a 16S rRNA gene-based PCR assay for betaproteobacterial AOB by using primers ␤amoF and Nso1225R. A combination of these primers with primers targeting the domain Bacteria (616V or 630R) also did not yield any PCR product. The enrichment was also screened for amoA genes of beta-and gammaproteobacterial AOB, but although the applied assays together target all known AOB, no PCR product was observed. Identical results were observed with the addition of PCR-enhancing substances, suggesting that the negative results were not caused by PCR inhibition. This finding was further confirmed by the addition of suitable control DNA to the enrichment biomass before PCR, which always led to successful amplification (data not shown). Consistent with the PCR results, no FISH signals were detectable after hybridization of the formaldehyde-fixed biomass with a suite of AOB-and nitrite oxidizer-specific probes (SI Table 1 ).
Detection of AOA. Archaeal 16S rRNA genes were PCR-amplified by using two different sets of primers, cloned, RFLP-screened, and sequenced. In total, 46 clones representing all RFLP types were partly or fully sequenced. All 46 sequences were related at Ͼ99.1% similarity to each other and assigned to a monophyletic cluster within Crenarchaeota group I.1b (soil group; Fig. 1 ) that also included partial 16S rRNA gene sequences recently retrieved from a subsurface radioactive thermal spring (20) and a Wisconsin soil (28) . In addition, crenarchaeotal amo genes were PCR-amplified from the enrichment, and 19 and 7 clones were sequenced for amoA and amoB, respectively. All cloned amoA and amoB sequences showed similarities of Ͼ99.2% and Ͼ99.3% to each other, respectively. No amplification product for amoC could be obtained. Consistent with the 16S rRNA tree topology, the AmoA and AmoB sequences retrieved from the enrichment formed a monophyletic branch within the crenarchaeotal I.1b (soil) cluster ( Fig. 2A and SI Fig. 6 ).
To directly link the retrieved crenarchaeotal 16S rRNA gene sequences with single microbial cells in the enrichment, catalyzed reporter deposition (CARD)-FISH with the newly designed clone-specific probe RHGA702 was applied. This probe hybridized exclusively to small cocci of 0.9 Ϯ 0.3 m (n ϭ 22) in diameter, occurring in irregular-shaped microcolonies of 10-50 m in diameter (Fig. 3) . Not all cells of such microcolonies showed a signal after hybridization. Identical results were observed in parallel control experiments with the crenarchaeotal probe Cren512 and the general archaeal probe Arch915. The relative abundance of the crenarchaeotes in the enrichment was determined by an indirect CARD-FISH assay to be 50.4% Ϯ 12.5 (SD) (for details, see SI Results).
Activity of AOA in the Enrichment. Transcription of crenarchaeotal amoA was demonstrated with biomass from the enrichment (grown in batch culture with 2.0 mM ammonium in the medium) via RT-PCR by using primers specifically targeting the obtained amoA sequences (amo16F/amo586R) (Fig. 2B ). Cloning and sequencing of the RT-PCR product resulted in amoA sequences that were identical to amoA sequences obtained by PCR amplification from the enrichment.
Ammonia-oxidizing activity of the detected crenarchaeote was demonstrated by CARD-FISH/microautoradiography (MAR). The enriched biomass was preincubated at 46°C for 3 h with '' For this analysis, only sequences longer than 1,300 nt were considered; 1,264 nt positions that were conserved in at least 50% of all archaea in the data set were used for phylogeny inference. The 16S rRNA consensus tree was constructed from a maximum-likelihood tree, and all nodes that were not supported by TreePuzzle and maximum parsimony were collapsed. In addition, following Robertson et al. (67) , all nodes with Ͻ70% parsimony bootstrap support (calculated without conservation filters by using 100 iterations) were collapsed. Sequences that have been obtained from (hyper)thermophilic organisms or environments are labeled in red, and those from mesophilic organisms or habitats are depicted in blue. Transits from red to blue indicate presence of both (hyper)thermophilic and mesophilic organisms within a group. Black dots indicate bootstrap support Ͼ90%. Dashed lines denote short sequences (Ͻ1,300 nt), which were added to the tree without changing the overall tree topology. Asterisks mark organisms for which the presence of an amoA gene has been demonstrated. Numbers in parentheses give the number of sequences within a group that were used for phylogenetic analyses. The scale bar represents 10% estimated sequence divergence. According to SI Fig. 6 , the arrow shows the last common ancestor of current AOA that definitely possessed amoA and amoB genes.
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PNAS ͉ February 12, 2008 ͉ vol. 105 ͉ no. 6 ͉ 2135 different ammonium concentrations without addition of labeled bicarbonate to allow adaptation of the cells to the incubation conditions. After this step, the ammonium concentration was determined, radioactive bicarbonate was added as sole external carbon source, and the biomass was incubated at 46°C for 12 h. For all ammonium concentrations measured (0.14 mM, 0.79 mM, and 3.08 mM, after preincubation) MAR signals coincided with the AOA microcolonies, but bicarbonate fixation was much lower in the presence of 3 mM ammonium than at lower ammonium concentrations (Fig. 3) . For all experiments, chemical analyses showed that 12-22% of the ammonium was removed during the 12-h incubation step, and no cells other than AOA identified by the specific FISH probe showed a positive MAR signal (SI Fig. 7 ). It should, however, be noted that because the maximum exposure time examined was 15 days, unknown (bacterial) ammonia oxidizers with a very weak activity might have been overlooked. Neither CARD-FISH nor MAR signals were detected for AOA microcolonies in control experiments without added ammonium or with UV-sterilized biomass (data not shown). The absence of CARD-FISH signals without ammonium in the medium suggests that the AOA either reduce their cellular ribosome content in response to starvation and/or that, under these conditions, changes in the cell envelope composition occurred, which negatively affected probe permeability. Addition of 100 M of the inhibitor allyl-thiourea (AlTU) in the presence of 0.76 mM ammonium resulted in strongly decreased MAR signals of the AOA microcolonies ( Fig. 3C ).
Discussion
This study demonstrates that an ammonia-oxidizing enrichment grown at 46°C contains a crenarchaeote that, according to its 16S rRNA gene, is a member of the group I.1b. This group consists mainly of sequences retrieved from soil and also includes a 16S rRNA gene sequence from a fosmid clone that also carries an archaeal amo-operon (29, 30) . As only one archaeal 16S rRNA phylotype (by using a threshold of 97% sequence similarity) was found in the enrichment, the retrieved archaeal amoA and amoB gene fragments most likely also originated from this phylotype. In contrast to previous studies, which only reported the presence of AOA-related 16S rRNA or crenarchaeotal amoA gene fragments in thermophilic environments (19, 20, (31) (32) (33) , we specifically identified the respective organism by CARD-FISH with 16S rRNA-targeted probes as cocci in irregularly shaped aggregates. Furthermore, we propose three independent lines of evidence that, taken together, strongly suggest that the detected archaeon is actually an AOA. First, despite the application of several well established screening tools, no recognized bacterial or archaeal ammonia oxidizers could be identified in the ammonia-oxidizing enrichment, although we cannot exclude that the lysis procedure was not suitable for all microorganisms in the enrichment. Second, the crenarchaeote in the enrichment was metabolically active at 46°C, while ammonia was oxidized to nitrite as revealed by detection of its amoA mRNA (Fig. 2B) . The presence of amoA mRNA is a strong hint that the AOA contributes to the ammonia oxidation in the enrichment by use of its Amo protein. If the detected AOA lived from substrates other than ammonium (or ammonia), e.g., from excretion products of unknown ammonia oxidizers in the enrichment, detection of amoA mRNA would have been very unlikely because transcription of crenarchaeotal and bacterial amoA has been shown to be induced by ammonia (30, (34) (35) (36) . Finally, incorporation of bicarbonate into single archaeal cells as monitored by CARD-FISH/MAR was observed in the presence of ammonium (Fig. 3 ) but was absent in medium lacking ammonium. CARD-FISH/MAR experiments were also applied to gain insights into the ecophysiology of the AOA, although the very limited amount of available living biomass from the enrichment prevented a more encompassing assessment. Interestingly, the AOA was highly active in the presence of 0.14 mM and 0.79 mM ammonium, whereas partial inhibition was observed with 3.08 mM ammonium (Fig. 3) . Inhibition of AOB at such a low ammonium concentration has not been reported, to our knowledge, and some AOB strains grow at more than 200 mM ammonium at a comparable or higher pH (37) (38) (39) . Apparently, the AOA investigated in this study is even more sensitive to ammonium than members of the Nitrosomonas oligotropha lineage (1, 40) , with strain JL-21 as current record holder for ammonium sensitivity whose growth is inhibited at a concentration of 21.4 mM at pH 7.2 (38) . The high sensitivity of the AOA to ammonium might be partially explained by the shift of the ammonia/ammonium equilibrium to ammonia at elevated temperature. However, little is known about the mechanism(s) of inhibition. Recent studies showed that ammonia or ammonium is not only taken up passively by AOB via diffusion, but also that at least some AOB possess active uptake systems (41, 42) . Putative ammonia or ammonium transporters are also encoded in the genomes of the AOA ''Candidatus Cenarchaeum symbiosum'' (11) and ''Candidatus Nitrosopumilus maritimus'' (http:// genome.jgi-psf.org/draftmicrobes/nitma/nitma.info.html), relatives of the AOA studied here. Such accumulation mechanisms, if not tightly regulated, might, above a certain extracellular substrate concentration, lead to intracellular ammonia/ ammonium concentrations that negatively influence the cytoplasmic pH and thus could result in inhibition. However, as little is known about the ammonia oxidation pathways in Archaea (11), other causes for inhibition like the accumulation of toxic intermediates, such as hydroxylamine, cannot be excluded.
Taken together, the CARD-FISH/MAR experiments indicated that the AOA in the enrichment is adapted to moderately low substrate concentrations compatible with the 5.88 M ammonium measured in the Garga hot spring at the time of sampling (27) . Surprisingly, the AOA was not completely inhibited by the addition of 100 M AlTU (Fig. 3C) , a concentration known to completely inhibit ammonia oxidation by AOB (43) (44) (45) . Potential causes for this residual activity are that (i) during the preincubation, which took place with ammonium but without AlTU, energy storage compounds were built by the AOA, allowing low rates of bicarbonate incorporation in the absence of a functional Amo; and (ii) crenarchaeotal AmoA is not as susceptible to AlTU as its bacterial counterpart, e.g., by having a higher affinity to or not being as dependent on copper as bacterial AmoA (46) .
On the basis of the results of this study, we propose, according to Murray and Schleifer (47) and Murray and Stackebrandt (48) , provisional classification of the novel archaeon as ''Candidatus Nitrososphaera gargensis.'' The short description of ''Candidatus Nitrososphaera gargensis'' is as follows: phylogenetically related to the crenarchaeotal 16S rRNA sequence cluster I1.b (soil group), not isolated; enriched from the Garga hot spring in the Buryat Republic (Russia); cocci have a diameter of 0.9 Ϯ 0.3 m (but note that cell morphology might be slightly altered because of the CARD-FISH procedure) in irregular shaped microcolonies; basis of assignment: amoA, amoB, and 16S rRNA gene sequences (GenBank accession nos. EU281317, EU281322, and EU281334) and detection by the phylotype-specific oligonucleotide probe RHGA702 (5Ј-GTG GTC TTC GGT GGA TCA-3Ј) complementary to helix 24a of the 16S rRNA, aerobic chemolithoautotrophic moderately thermophilic ammonia oxidizer [on the basis of the proposal by Reysenbach and Shock (22) that thermophily starts at 45°C], partially inhibited by ammonium in a concentration of 3.08 mM at pH 7.4 and 46°C.
The discovery of the moderately thermophilic ''Candidatus Nitrososphaera gargensis'' within the group I.1b is noteworthy as it represents the first organism within this group for which, on a cellular level, ammonia oxidation has been shown. Furthermore, all previously described AOA and AOB are mesophiles. It should be mentioned that enrichment of a thermophilic ammonia oxidizer capable of growth at 55°C was reported from geothermal springs of Kamchatka (Russia), but the obtained cultures were unstable and the putative ammonia oxidizers were not identified beyond a morphological description (49). The discovery of a thermophilic AOA adds to our picture of biogeochemical nitrogen cycling in thermophilic environments for which nitrite oxidation, nitrate ammonification, denitrification, and nitrogen fixation have already been reported (23, 50, 51) . Furthermore, a thermophilic origin was hypothesized for anaerobic ammonium oxidation as well (52) . The existence of thermophilic AOA is also consistent with the previously postulated idea that the mesophilic crenarchaeotes are descendants of ancestral thermophiles (53) and thus suggests that archaeal ammonia oxidation evolved under thermophilic conditions with the mesophilic lifestyles exemplified by soil or marine AOA likely representing independent, secondary adaptations to lower temperatures. Ammonia oxidation as an ancient form of energy conservation is consistent with the postulated early earth chemically driven nitrogen cycle (54) , which provides for the formation of ammonia at high temperatures (24) (25) (26) .
Materials and Methods
Chemical Analyses of the Enrichment. The concentration of ammonium was measured by fluorescence detection according to Corbin (55) after precolumnderivatization with OPA reagent and HPLC separation. Nitrite and nitrate concentrations were determined quantitatively by UV detection after ion-pair chromatography on a Hypersil ODS C18 column (56) . The oxygen concentration in enrichment flasks was determined with an electrode (OXI 96; Nova Analytics).
Amplification, Cloning, and Phylogenetic Analyses of 16S rRNA and amo Genes. PCR amplifications of archaeal and bacterial 16S rRNA and amo genes were performed directly from harvested cells (diluted in 0.9% NaCl) from an ammonia-oxidizing enrichment from the Garga hot spring in the Buryat Republic, Russia (27) , by using primers and annealing temperatures as listed in SI Table  2 . At the time of analyses, this enrichment had been maintained for 6 years but had not been screened for ammonia oxidizers with nucleic acid-based methods. All PCRs started with an initial heating step at 95°C for 5-7 min to induce cell lysis. PCR-enhancing substances (betaine, bovine serum albumin, dimethyl sulfoxide, or formamide) were added according to the literature (57, 58) . Cloning and sequencing were done as described in ref. 59 . The diversity of sequences within the clone libraries was screened with RFLP, by using the enzyme MspI (Fermentas Life Sciences Inc.). From each resulting RFLP pattern, at least one representative clone was sequenced. Sequencing was performed by using the BigDye Terminator Cycle Sequencing Kit v3.1 and the ABI 3130xl Sequencer (Applied Biosystems) following the manufacturer's protocols. Obtained sequences were phylogenetically analyzed by using the software programs ARB (60) and PHYLIP (61) RT-PCR of Crenarchaeotal amoA mRNA. Cells were harvested from the enrichment by centrifugation and were stored in RNAlater (Ambion) at 4°C until further processing. Total RNA was isolated by using TRIzol (Invitrogen) according to the manufacturer's instructions with the following modifications: RNA was precipitated overnight at Ϫ20°C in the presence of 5 g of glycogen (Sigma). After incubation with DNase (Sigma), reverse transcription was carried out by using the Revert Aid First Strand cDNA Kit (Fermentas Inc.) according to the manufacturer's instructions with the clone-specific primer amo586R (5Ј-AGC AAT GGG AAC TGA CAG-3Ј), which had been designed by using ARB. cDNA was amplified by using clone-specific primers amo16F (5Ј-ACG CAC AAC GCA CTA CTT-3Ј) and amo586R (length of amplificate: 570 bp) with thermal cycling as follows: initial denaturation at 94°C for 4 min followed by 40 cycles of denaturation at 94°C for 40 s, annealing at 60°C for 30 s, and elongation at 72°C for 40 s, followed by a final elongation step at 72°C for 10 min. Specificity of amplification was confirmed by cloning and sequencing of the amplification product. Absence of contaminating DNA in the RNA extract was demonstrated by performing the aforementioned PCR without the initial reverse transcription step.
FISH and CARD-FISH.
To visualize AOB and nitrite oxidizers in the enrichment, FISH was performed as described by Daims et al. (62) by using probes listed in SI Table 1 . No unspecific labeling of cells was observed in any sample by using the nonsense probe. After FISH, cells were stained at 4°C with the DNAbinding dye at 1 g ml Ϫ1 . Microscopic observation and documentation were accomplished by using a LSM 510 scanning confocal microscope (Zeiss) and the included software.
To visualize AOA in situ, a specific 16S rRNA-targeting FISH-probe was designed by using ARB. Probe RHGA702 (SI Table 1 ) targeted all crenarchaeotal 16S rRNA sequences obtained from the enrichment but has at least one central mismatch to all other sequences in our ARB database including all published sequences from Crenarchaeota. For more details regarding this probe, please refer to probeBase (63) at http://www.microbial-ecology.net/ probebase. HPLC-purified and lyophilized HRP-conjugated oligonucleotides were obtained from Thermo Electron. For CARD-FISH analyses, ethanol-fixed biomass from the enrichment was immobilized on slides and dehydrated by an increasing ethanol series (50%, 80%, and 96% for 3 min each). Afterward, the slide was dipped into 0.2% agarose (in distilled water) and left to dry at 30°C. Then, permeabilization of cell walls was performed by using 10-min incubation with proteinase K (15 g ml Ϫ1 ; Sigma). This and all other incubation and washing steps were done at room temperature if not stated otherwise. After permeabilization, the slides were washed for 1 min in distilled water. Subsequently, slides were incubated in 0.01 M hydrogen chloride for 20 min to destroy remaining proteinase K. To inactivate endogenous peroxidases, cells were incubated in a solution of 0.15% hydrogen peroxide in methanol for 30 min. Finally, the slides were washed two times in distilled water for 1 min. The biomass was covered with 20 l of hybridization buffer (64) at a probe concentration of 0.16 ng l Ϫ1 (65) . Hybridization was performed at 46°C for 2.5 h by using the probes Arch915, Cren512, and RHGA702 (10% formamide) in separate experiments (SI Table 1 ). By using a ''nonsense'' probe (SI Table 1 ), no unspecific labeling of cells could be observed. After hybridization, slides were washed in prewarmed washing buffer (64) at 48°C for 15 min. Before tyramide signal amplification, the slides were dipped into distilled water (4°C) and washed for 15 min in 1ϫ PBS. Excess liquid was removed by tapping the slides, and the slides were incubated at 46°C for 45 min with substrate mix by using 1/1,000 parts fluorescein-labeled tyramide (65) . Subsequently, the slides were washed in 1ϫ PBS for 10 min and distilled water for 1 min, respectively. Finally, the slides were DAPI-stained and evaluated microscopically as described above. The diameter of the AOA was determined quantitatively by using the digital image analysis software daime (66) .
Incubation with Radioactive Bicarbonate and MAR. For bicarbonate uptake experiments, cells were concentrated from the enrichment via centrifugation (10 min at 13,000 ϫ g), washed in growth medium (27) without ammonium, centrifuged again and resuspended in a small volume of this medium. Resuspended cells were kept at 4°C for no longer than 7 h before the incubation experiments. Resuspended biomass was exposed in parallel experiments to different ammonium concentrations by using a stock solution of 10 mM NH 4Cl in a total volume of 3 ml of growth medium. Two biological replicates were performed for each of these experiments. Furthermore, control experiments were performed without addition of ammonium as well as with UV-sterilized biomass to check for physiological activity without added substrate and for chemography, respectively. For all experiments, the biomass was incubated in vertically fixed vials under aerobic conditions for 3 h at 46°C and was shaken at 110 rpm in a water bath. After this preincubation step, which was included to allow the cells to re-adapt to elevated temperature conditions, a subsample was taken (to determine the ammonium concentration via ion exchange chromatography with chemically suppressed conductivity detection) and 10 Ci [ 14 C]bicarbonate (Hanke Laboratory Products) was added to each vial. Subsequently, the biomass was incubated for 12 h under the conditions described above. In addition, 100 M of the inhibitor AlTU (Fluka) was added after the preincubation to one of the vials containing 0.76 mM ammonium after preincubation. After incubation, biomass was fixed with EtOH or formaldehyde as described by Daims et al. (62) . CARD-FISH and subsequent DAPI staining were performed as described above. The hybridized samples were dipped in preheated (48°C) LM-1 emulsion (Amersham), exposed for 12-15 days at 4°C in the dark and developed in Kodak D19 (40 g liter Ϫ1 of distilled water) before microscopic examination. For each condition and biological replicate, three microautoradiography slides were analyzed and at least 10 AOA microcolonies were examined per slide. Crenarchaeotal amoA CrenAmo1F 54 7 RHG21  RHG19  RHG16  RHG26  RHG36  RHG40  RHG39  RHG1  RHG37  RHG28  RHG31  RHG33  RHG42  RHG27  RHG12  RHG18  RHG23  RHG22 environments contaminated with heavy metal or uranium (2) subsurface water, DQ223206 freshwater sediment, EF632935
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artesian groundwater basin, AF407722 Hydrogenophilus thermoluteolus, AB009828 hot spring, AF026979 hot spring, AF026985
Burkholderia (2) drinking water distribution system simulator, AY328574 lake sediment, EF192878 Thauera / Azoarcus (4)
Rhodocyclus (2)
Garga hot spring enrichment (18) Rhodocyclus ( (2) freshwater sediment (2) wastewater, DQ278580 "Candidatus Nitrosopumilus maritimus", DQ085098 *** "Candidatus Cenarchaeum symbiosum", DQ333421 *** deep ocean, AB289364 deep ocean, AB289353 marine sediment and wastewater (2) seawater (5) deep ocean, AB289375 freshwater and marine sediment (3) geothermal mine (6) thermal and hot springs (5) deep ocean, AB289367
seawater (4) freshwater and marine sediment (6) marine sediment and soil (3) soil, EF207222 soil, EF207220 soil, EF207221 (2) freshwater sediment, DQ501042 "Candidatus Nitrososphaera gargensis" *** geothermal mine, DQ672686 freshwater sediment (2) freshwater sediment and soil (7) soil (fosmid 54d9), AJ627422 *** soil, EF207227 marine sediment, DQ148890 soil, DQ534823 freshwater sediment, DQ501011 soil, DQ534702
environmental clones including group I.1b 0.10 Sargasso Sea (5) seawater, EF106861 "Candidatus Cenarchaeum symbiosum", DQ397569 *** "Candidatus Nitrosopumilus maritimus", DQ085099 *** seawater (5) seawater (2) soil (fosmid 54d9), AJ627422 *** "Candidatus Nitrososphaera gargensis" *** environmental clones including group I.1a 
